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ABSTRACT 
The logistics required to supply military forces based in remote hostile territory can be 
onerous.  A major component of those supplies is the fuel required to operate generators 
that provide electrical power. This research sought to determine the feasibility for a 
space-based system using wireless power transfer technology to relay power to a remote 
base from a location with a commercial grid.  The two wireless power transfer methods 
examined in this research both use electro-magnetic radiation.  One method operates in 
the part of the spectrum known as radio using high power transmitters and the other 
operates in the near infrared using lasers.  These two methods were integrated into 
architectures and modeled and analyzed to determine which one was the more feasible.  
The result is that while both methods are possible the radio wireless power transfer 
method loses far more power from end to end than does the laser method and also needs 
to be in a far lower orbit in order to operate at all, requiring more spacecraft for global 
coverage.  The laser based relay does have many challenges however including weather 
effects and safety concerns. 
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The past decade, the U.S. has found its military deployed around the world.  This 
is nothing new to U.S. forces that have, since the end of the Second World War, been 
continuously deployed or stationed outside of the continental U.S.  In the last decade’s 
conflicts, the U.S. has fought, and become an occupying force.  These conflicts have 
occurred in areas that have little infrastructure and where guerrilla forces operate to 
impede that occupation.   
1. Logistics 
An often-quoted idiom says “an army marches on its stomach.” (The Free 
Dictionary, 2012) Since the modern military rarely marches on foot to battle the adage 
might as well be modified to say that an army rolls on its fuel tanks.  Fossil fuels, because 
of their energy density and ease of transport are the power source of choice of a modern 
military.  They are used to power air and ground vehicles but they are also used to 
provide electricity for numerous forward bases.  Those bases all have generators that run 
24 hours a day to keep communications, lights, and air conditioners operating along with 
the many other pieces of support equipment from computers to toasters that are part of 
day to day life at a modern forward base.  In the current conflict, in Afghanistan, that the 
U.S. is engaged in on an average week Bagram Airfield consumes nearly 1.9 million 
gallons of fuel (McDougal, 2012). This energy demand forces the establishment of 
logistics to support it.  These supply lines stretch thousands of miles over sea, land and 
sometimes even air to provide forward locations the fuel they need to operate.  Fuel is 
transported from the refinery and port in Karachi, Pakistan and is driven overland into 
Afghanistan in 10,000-gallon trucks operated by local nationals (Blanchfield, 2005). The 
fully burdened cost of ground delivered fuel has been estimated at $400 per gallon for 
fuel delivered by ground to $1000 per gallon for fuel that is delivered by air (Tiron, 
2009).  
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2. Vulnerability of Logistics 
In the remote areas this supply link can be extremely difficult to execute.  In June 
2008 alone, 44 trucks carrying 220,000 gallons were lost to insurgent attacks (Tiron, 
2009). Most fuel is brought in by tanker truck at slow speed through many miles of bad 
roads, Afghanistan has 21,000 km of roads of which 18,207 are unpaved, in territory 
peppered with insurgents to whom a fuel truck is a tempting target (Blanchfield, 2005).  
In order to ensure this valuable commodity reaches its destination in the Helmand 
province of Afghanistan civilian fuel convoys are escorted by companies of Marines 
whose mission is “to provide armed escort for the local nationals.” (Jackson, 2012)  The 
cost is not merely in dollars as some 80% of U.S. military casualties in Afghanistan were 
due to improvised explosive devices, which are often placed in the path of supply 
convoys (Tiron, 2009). This statistic frames the environment where some U.S. bases were 
found so remote and the territory surrounding them so hostile that fuel had to be flown in 
and air dropped only making the delivery cost more extreme.  Since the bulk of these 
convoys are carrying fuel it would be a valuable exercise to explore alternative energy 
delivery options that do not require extensive exposure of the transport method to 
guerrillas with improvised explosive devices.   
B. PURPOSE AND RESEARCH QUESTION 
The purpose of this research is to postulate, analyze and compare a pair of space 
based, electricity relay alternatives to the costly ground transport method U.S.  forces rely 
on today.  Based on this research U.S. forces could develop systems to more efficiently 
operate far from their base of supply.  The question this research will strive to answer: 
Could a space based electricity beaming relay be a solution to the costly logistics of 
transporting large quantities of fuel to remote bases? 
C. SCOPE LIMITATIONS AND METHODOLOGY  
The scope of this research has two parts.  First it examines the existing literature 
on the latest technologies available for wireless electricity transfer and provides a 
summary of that research.  Based on those technologies, two architectures are postulated 
and analyzed for the performance to provide electrical power via space-based relay.  The 
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methodology for this research includes a literature review of the technologies associated 
with electricity beaming as well as the guidance associated with expeditionary military 
electrical design.  The knowledge gained from that literature review is then applied to the 
critical element design of potential architectures for space power relay.  Following the 
design is an analysis of those architectures conducted using the Satellite Tool Kit (STK) 
software suite.   
D. CHAPTER SUMMARY 
1. Chapter II - Background 
This chapter contains background information to orient the reader with several 
concepts that will be used later in the design and analysis chapters.  These topics include 
orbital motion, electricity beaming technologies, global commercial electricity 
availability, expeditionary electrical infrastructure as well as an overview of 
expeditionary military basing.  This will provide the theoretical detail and contextual 
environment in which to postulate an architecture.   
2. Chapter III – System Architectures 
In order to model and analyze a space based electricity relay in Chapter IV, it will 
be necessary to define certain elements of the technical solution.  Using the technical and 
environmental constraints established in Chapter II, this chapter will construct several 
potential architectures to complete a space based electricity relay.   
3. Chapter IV – Presentation and Analysis of Data 
The architectures defined in Chapter III are modeled using STK.  The results of 
those models are presented.  A description of how each model took shape was developed 
is provided followed by graphical depictions.  STK generated reports are presented 
illustrating how the relay functions over time.  Lastly, an analysis of the results for each 
model is given.   
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4.  Chapter V – Conclusions and Recommendations 
The final chapter begins with a general description of the research and analysis 
conducted.  At this point the original research question is addressed and conclusions are 
drawn based on the results presented in Chapter IV. Finally areas for future work that 




The use of a ground-based system to transmit energy above the Earth’s 
atmosphere to a relay spacecraft in orbit and then back down to one or many ground 
receiving sites requires a detailed explanation of the technologies and physical limitations 
that influence the design.  How the system transmits that energy and the relative motion 
of the vehicle relaying it are critical design factors.  Additionally the selection criteria for 
an electricity uplink location as well as a discussion of the interfaces at the electricity 
receiving site and the requirements of the spacecraft payload are worthy of discussion.  
This chapter will provide a detailed explanation and provide the context of the 
architecture defined later in this research paper. 
A.  ORBITAL MOTION 
1.  The Fundamentals  
Our modern understanding of the motion of the celestial bodies has its roots in the 
efforts of the Greeks to catalog and describe their observations of lunar phases and 
eclipse cycles.  Our understanding was not taken further until the late 1600s.  Using the 
predictions of Nicolaus Copernicus and the meticulous observations of Tycho Brahe as 
his basis Johannes Kepler was able to concisely describe the elliptical motion of the 
planets (which would also apply to Earth orbiting spacecraft) in his three laws.  The first 
law is that the orbit of each planet is an ellipse with the Sun at one focus.  The second is 
that a line joining the planet to the Sun sweeps out equal areas in equal times.  The third 
and final Keplerian law is that the square of the period of a planet is proportional to the 
cube of its mean distance from the Sun (Larson & Wertz, 2005). 
While Kepler did succeed in describing celestial mechanics it was Newton that 
synthesized Kepler’s work with terrestrial dynamics work of Galileo Galilei into the three 
laws of mechanics.  The fact is though that the first law (the law of inertia) is a special 




the second.  Newton’s true innovation to dynamics is his second law known as the 
fundamental law of dynamics, which is that force is equal to the product of the inertial 
mass and the acceleration (Capderou, 2005). 
Using Newton’s laws the study of celestial mechanics defined the motion of the 
bodies of the solar system.  The branch of that study known as astrodynamics deals with 
the description of the orbits of artificial spacecraft.  An orbit is a trajectory that describes 
an ellipse that is periodic in nature relative to the Earth (Montenbruck & Gill, 2000). 
2.  Orbit types 
Describing the fundamental nature of orbits does not in and of itself highlight the 
usefulness of an orbit.  The usefulness of an orbit is a function of its attributes relative to 
the application.  Due to the commercial and technical limitations of existing launch 
vehicles as well as the limited set of requirements of existing space applications a 
common set of attributes described by a specific name has developed.  The first of these 
is Low Earth Orbit (LEO), which describes a nearly circular orbit in the altitude range of 
300 to 1500 km.  Spacecraft in LEO can have a variety of inclinations, which affects 
where over the Earth the spacecraft passes on a regular basis.  The inclination is selected 
depending on the application.  Inclination is the angle between the orbital plane and the 
equator.  Common applications that use LEO are space observatories, remote sensing and 
manned spaceflight.  The second common orbit is Medium Earth Orbit (MEO).  MEO 
describes a nearly circular orbit in the altitude range of anywhere above LEO but below 
Geosynchronous.  This orbit has been used previously by systems broadcasting precision 
navigation and timing signals and has the advantage of providing the spacecraft with a 
large area of coverage on the Earth as well as the ability to dwell above any particular 
ground station’s horizon for a significant time while also not competing for space in the 
crowded higher orbit.  The final orbit that will be discussed here is the Geosynchronous 
Orbit (GEO), which describes a nearly circular orbit at an altitude of 35,800 km.  The 
primary applications undertaken at GEO are the communication spacecraft that benefit 
from having a constant view of one area of the surface of the Earth and a large coverage 
area (Montenbruck & Gill, 2000). 
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B.  ELECTRICITY BEAMING TECHNOLOGIES 
1.  Introduction 
The technologies available today to transmit electricity through free space have 
roots with the work of Heinrich Hertz.  His work centered on radio wave propagation for 
communications purposes, but demonstrated the concept of transmitting and receiving 
high frequency electricity without the use of wires as well as the technique of focusing of 
radio waves through the modification of antenna shape.  The first real attempt to transmit 
electricity without wires was undertaken by Nikola Tesla in 1899.  His efforts were 
focused on the use of voltages near 100 million volts and frequencies in the 150 kHz 
range.  None of this early work produced successful results.  The primary reason for the 
lack of further development at that time was due to the realization that very short 
wavelengths and/or optical reflectors or lenses would be required.  Equipment to provide 
even a small amount of transmitted electricity at very short wavelengths would not be 
available for 50 years (Brown, 1984).  The use of light produced by lasers to transmit and 
specialized photovoltaic cells to receive electricity is being researched at the present time 
and developments have shown success (Nayfeh, Fast, Raible, Dinca, Tollis, & Jalics, 
2011). 
2.  Radio Frequency (RF) Wireless Electricity 
The Department of Energy and the National Aeronautics and Space 
Administration revived experiments designed to develop the use of the Extremely  (EHF) 
radio portion of the electromagnetic spectrum for electricity transmission in the mid- 
1970s with some success.  These experiments developed the basic concept of operations 
for all future microwave RF electricity transmission.  The concept involved using a 
parabolic transmitting antenna focused at a distant receiving array.  That distant array was 
made up of numerous half-wave dipole antennas, which terminated into rectifiers.  These 
devices came to be known as rectennas (Brown, 1984).  The dipole size and therefore the 
size of the overall rectenna is proportional to the operating frequency by 
(1.1)   
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where is wavelength, is frequency and c is the speed of light (Gordon & Morgan, 
1993). These expermiments at operating frequencies centering on 2.5 Ghz (12 cm 
wavelength) achieved an overall direct current (dc) to dc efficiency of 54 % and were 
able to transmit 30 kW the distance of 1609 meters using a 26.8 square meter rectenna 
array (Brown, 1984).  One of the challenges with transmitting RF energy through the 
atmosphere is that of path loss due to atmospheric effects. Figure 1 shows the how the 
atmospheric attenuation varies over wavelength per km. 
 
Figure 1.   Atmospheric Path Loss  (From Gordon & Morgan, 1993) 
Work to refine compact wireless transfer of electricity through RF focuses on 
increasing the dc to dc efficiency, reducing the physical size of the rectenna and 
integration of that rectenna into a monolithic substrate.  Given the proportionality of 
rectenna size to frequency discussed above it is clear why research has trended towards 
the use of much higher frequencies and smaller wavelengths.  Using a two dimensional 
slot antenna placed on a silicon substrate through the use of traditional photolithography 
and optimized for 94 Ghz experiments have shown a 93% RF to dc collection efficiency 
and a 72% conversion efficiency.  This slot antenna has been shown to be capable of 
converting power at densitites as high as 1 Watt/cm^2 (Mojarradi, et al., 2008).  
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Increasing the size of a space based antennas is another area of work.  Deployable mesh 
antenna’s with aperature sizes on the order of 12.5 meters have been flown (Thomson, 
2002). 
Another area of research and the fundamental driver for receiving and 
transmitting antenna sizing is the RF beam divergence over distance through diffraction. 
There will be a main lobe of the beam which will contain 84% of the transmitted power.  
This divergence is a function of the distance from transmitter to reciever, the wavelength 
of the RF energy and the relative sizes of the receiving rectenna and transmitting 
antennas.  This is described by equation (1.2) where Dt is the diameter of the transmitting 
antenna, Dr is the diameter of the receiving rectenna, λ is wavelength like above and x is 
the distance from transmitter to receiver. Notice that this equation is independent of the 
amount of power in the beam. 
(1.2)   
The power intensity within that main lobe at the receiving rectenna is given by 
equation (1.3). Where I0 is power density and Pt is the transmitted power (Potter, et al., 
2009). 
(1.3)   
Using these principles and constraints a system designed using RF to beam power 
can be sized and optimized. 
3.  Laser Fundamentals 
Beginning with Max Planck’s discovery, for which he won the Nobel Prize in 
1918, that light is just another form of electromagnetic radiation the stage was set for the 
invention of the laser (Ekstrand, 1920).  The word laser is in fact a very descriptive 
acronym that stands for Light Amplification by Stimulated Emission of Radiation.  A 
laser is simply a light source that happens to possess the ability to direct the light it emits  
 
 10 
into a single direction and usually at a specific wavelength.  The laser itself was invented 
by Theodore Maiman in 1960 and today lasers have countless uses and new uses are 
being developed (Laserfest.org, 2012).  
There are three factors that are important to consider about lasers in the context of 
transmitting large amounts of energy.  These factors are first the amount of power that a 
laser, which could be integrated into the architecture postulated in this research, could be 
expected to produce. This factor can vary widely from a few kW to many MW depending 
on the technology selected.  The second factor to consider is electrical to optical 
efficiency. This factor also varies widely depending on the technology used to generate 
and control the laser beam.  The third factor is that of loss and beam spread over distance. 
This factor can be modeled by examining the affect on the laser beam of the media 
through which the laser is transmitted. 
The starting point in understanding the physics of loss and beam spread is 
defining some terms. Irradiance is a measure of power density or energy over a two 
dimensional area. For a laser with the output power P0 and a beam with a two 
dimensional  area of A, the peak irradiance Ip at the target of the laser is shown by 
equation (1.4). 
(1.4)   
Where atmospheric transmittance is τ.  Minimizing the area at the target or maximizing 
the product of power output and transmittance will maximize irradiance.  Now consider 
beam propagation in a vacuum. The intensity profile of most laser beams is Gaussian 
transverse to the beam. The beam radius w is defined as the distance from the center of 
the Gaussian peak out to where the intensity has fallen to 1/e2 (0.13533) of the peak 
value. The beam waist is the point of the beam with the smallest area and is usually very 
close to the output of the laser The beam radius, w, varies as a function of the waist of the 
beam as shown in equation (1.5). 
(1.5)   
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Where wavelength is λ, z is the distance from the waist of the beam to the target and w0 is 
the radius of the laser at the beam waist.  Using this information and the equation for the 
area of a circle we arrive at the equation (1.6). 
(1.6)   
From this it is clear that by using a smaller wavelength as well as increasing the 
radius of the beam waist that the tendency of the beam to diffract can be reduced. The 
wavelength a laser transmits depends on the type of laser being used but is confined to 
the electromagnetic visual spectrum and the areas just outside the visual like ultraviolet 
and infrared. The beam waist itself can be increased using lenses in what is known as a 
beam expander.  Now with the equations above the area of the laser beam at the target 
can be found. Returning to equation (1.4) we need to deal with transmittance that is a 
function of the medium through which atmospheric effects.   
The attenuation of a laser by the atmosphere is described by Beer’s Law as shown 
in equation (1.7). where γ is the attenuation coefficient, z is again the length of the 
transmission path and τ is the transmittance.  
 (1.7)      
It can be seen that fundamentally transmittance is simply a ratio of the energy 
transmitted I(0) and the energy received I(z).  Four processes combine to equal the 
attenuation coefficient: aerosol absorption, aerosol scattering, molecular absorption and 
molecular scattering. These can be calculated analytically however previously performed 
experiments and modeling can be informative. Figure 2 shows experimental data of 
atmospheric transmittance as measured over an 1820 m horizontal path at sea level. 
Similarly Figure 3 shows how the broad spectrum of solar radiation is attenuated by the 
atmosphere and the % absorption at given frequencies. Table 1 shows the atmospheric 











Figure 2.   Atmospheric transmittance measured over 1820m horizontal path at sea 




















Figure 3.   Radiation Transmitted through the Atmosphere (From Rohde, 2007) 
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Table 1.   Wavelength Boundaries for Atmospheric Windows (From Weichel, 1990) 
4.  High Irradiance Photovoltaic 
Being able to continuously convert high intensity energy near the infrared 
spectrum into electricity is a technology in current research.  One approach is to use 
photovoltaic cells to directly transform optical energy into electrical energy.  Most 
photovoltaic cells have been designed to perform in applications where the incoming 
energy is in the form and intensity of the broadband light given off by the sun.  
Applications where optical energy is concentrated to an intensity far exceeding that of 
one sun’s irradiance will require new receiver designs.  Such a receiver has been 
developed based on a Vertical Multi-Junction (VMJ) photovoltaic cell (Nayfeh, Fast, 
Raible, Dinca, Tollis, & Jalics, 2011). 
The VMJ cell is a bonded series-connected array of miniature silicon junction unit 
cells (Goradia & Sater, 1977).  Because the cell itself is build up as a stack and contains 
an array of unit cells a small 40 junction VMJ cell (0.8 cm^2 area) can output 24 Volts.  
The same size VMJ cells have been flashed with 2500 times solar irradiance (or 
211W/cm^2) and were able to produce 40.4 W electrical output.  This is an electrical 
conversion efficiency of 23% (Nayfeh, Fast, Raible, Dinca, Tollis, & Jalics, 2011). 
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The issues of using a VMJ cell to convert optical energy to electricity on a 
continuous basis are in two main areas.  The first is dealing with the unconvertible energy 
which is transformed largely into thermal energy.  For terrestrial based systems a heat 
rejection system comprised of traditional heat pipes using an evaporative working fluid 
could be employed.  The second issue is the requirement for VMJ cells to be under 
uniform illumination.  This requirement exists due to the series nature of the integration 
of the VMJ cell in which the unit cell that receives the lowest illumination effectively 
limits the entire cell’s performance (Nayfeh, Fast, Raible, Dinca, Tollis, & Jalics, 2011). 
When the same VMJ cell described above was integrated with a system built to 
deal with thermal rejection and placed in an experimental setup that minimized 
illumination variance the cell was able to continuously generate 6.24W with an input 
radiant power of 27.1W.  These results could be scaled as long as the heat dissipation 
could be managed (Nayfeh, Fast, Raible, Dinca, Tollis, & Jalics, 2011).  
C.  GLOBAL ELECTRICAL POWER  
This research is fundamentally focused on transporting electrical power from 
where it is plentiful to where it is not.  This section focuses on clarifying the global 
environment of electrical power availability and accessibility.  Table 1 shows 
electrification rates in the developing world.  The area of lowest electrification is Sub-
Saharan Africa with a total electrification of 30.5% and a rural rate of only 14.2% that 
equates to 585 million people without access to electricity in that region alone.  As a 
reference point, in the United States, electrical power generation is at 1.52 kW per person 
for a total amount of electricity of 4.12 trillion kW hours per year.  Figure 4 shows a plot 
of electrification rates versus total population without electricity for the least advantaged 
countries (Wolfram Alpha, 2012).  Figures 5, 6, 7 and 8 show a graphical depiction of 
electrical power generation in Africa, parts of Asia and South America.  Tables 2, 3 and 4 








Figure 4.   Electrification rates and population without access to electricity (From 



















































































































Table 5.   South America Per Capita Power Generation  (From Wolfram Alpha, 2012) 
Although there are hundreds of millions of humans who do not have access to 
electricity and numerous countries where the electrification rates are particularly low the 
data shows that commercial power is obtainable worldwide. The infrastructure and 
economics that enable the delivery of that power are not always in place, especially 
outside of urban centers.  
D.  EXPEDITIONARY ELECTRICAL INFRASTRUCTURE 
1.  Introduction 
In order to understand the electricity requirements of the architectures postulated 
in Chapter III, it is necessary to understand how the existing electricity infrastructure, 
with which modern U.S. expeditionary forces are deployed.  This deployed infrastructure 
has three elements.  The first element is generation, where fossil fuels are converted into 
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high voltage alternating current electricity.  The second is the high-voltage primary 
distribution element, where, electricity from one generator can be combined with the 
electricity from others and distributed up to a mile to secondary distribution.  The third 
and final element is the low-voltage secondary distribution element, which transforms 
high voltage electricity to a usable voltage and transports it short distances to the end user 
(United States Air Force, 2008). 
2.  Conventional Electricity Generation 
The military has fielded a scalable system know as the Deployable Electricity 
Generation and Distribution System (DPGDS) that consists of tactical quiet generators of 
various electricity output levels.  These generators range in size from the largest single 
generator the MEP-12 that generates 750kW at 2400/4160 Volts (2400 Volts line-to-
neutral; 4160 Volts line-to-line) to the smallest the MEP-804A that is rated at 15 kW at 
120/208 Volts or 240/416 Volts.  The key capability of the generation element is that it 
has the ability to scale electricity production from just a few kW all the way to near the 
mega-watt range and operate with the same distribution systems (United States Air Force, 
2008). 
3.  Distribution  
The DPGDS has two elements dedicated to distribution.  The first is the primary 
switch center, which combines and routes high voltage electricity (2400/4160 Volt) from 
generators to secondary distribution.  Having electricity at high voltage increases 
transmission efficiency over larger distances, which in the context of an expeditionary 
base allows one set of generators to service facilities up to a mile distant.  The secondary 
distribution center acts as a transformer that can convert from 2400/4160 Volts to 
120/208 Volts, the level used by most equipment.  The secondary distribution center also 
acts as a distribution hub with the ability to feed up to 16 power distribution panels.  
Power distribution panels are the terminuses to which facilities or equipment connects to 
receive electricity (United States Air Force, 2008). 
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E.  EXPEDITIONARY BASING 
The U.S. military engages in two major categories of basing of its forces.  The 
first category is permanent basing which are sites where the U.S. plans to have a long 
term presence.  These locations generally use permanent construction standards and 
receive their electricity from commercial providers.  The second major category is 
contingency basing where the facility is intended to support immediate but temporary 
operations.  These locations can be large enough to support tens of thousands of forces 
that operate over a large area, and have advanced infrastructure.  Contingency bases can 
also be small and merely support a few hundred forces that are capable of quick response 
to local operations, security, civic assistance or humanitarian relief.  These contingency 
bases tend to have stark infrastructures that are dependent on larger bases for logistics. 
The smallest contingency base facility planning categories is the Contingency Operating 
Location (COL), occupied by a battalion sized unit (300–1000 soldiers) (About.com, 
2012).  This size of base is authorized only the most essential facility types.  Each base 
has a particular mission and is configured to support it however regardless of the mission 
only certain types of facilities are authorized.  Figures 9, 10, and 11 show the specific 




























Figure 10.   Authorized Facility Table continued (From United States Central 




Figure 11.   Authorized Facility Table continued (From United States Central 
Command, 2009)  
There are also three levels of construction standards that are based on the duration 
a particular base is likely to exist.  The three levels are initial, for bases meant to exist 
less than six months; temporary for those planned to exist from 6 to 24 months and 
finally semi-permanent for the few bases intended to operate for 2 to 25 years (United 
States Central Command, 2009).  Figures 12, 13 and 14 show what kinds of facilities are 
authorized for the initial and temporary levels of construction (United States Central 








Figure 12.   Contingency Base Camp Standards, Support Facilities (From United States 













Figure 13.   Contingency Base Camp Standards, Support Facilities Continued  (From 












Figure 14.   Contingency Base Camp Standards, Support Facilities Continued  (From 
United States Central Command, 2009) 
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III. SYSTEM ARCHITECTURES 
A.  INTRODUCTION  
In order to postulate, analyze and compare a pair of space based, electricity relay 
alternatives it is necessary to define the set of system requirements against which 
performance is compared. The requirement generation and analysis approach is adapted 
from class notes and a class project conducted during two Naval Postgraduate School 
courses SS3041 and SS4051 (Space Systems and Operations I and II), as well as the 
Space Mission Analysis and Design text by Larson and Wertz, and the Applied Space 
Systems Engineering text by Larson, Kirkpatrick, Sellers, Thomas and Verma.  
B.  REQUIREMENTS 
1.  User Identification 
The primary user of this system will be U.S. ground forces or ground elements of 
Naval and/or Air Forces which are operating bases in hostile and/or remote territory with 
forces on the order of U.S. Army battalion strength (300–1000 personnel).  Secondary 
users are U.S. government agencies operating in humanitarian relief operations of similar 
size (less than 500 personnel).   
2.  Stakeholder Requirements 
The need for electrical power at forward operating bases is currently being met by 
the use of on-site generation using fossil fuels.  The user requires a system that will meet 
electricity needs at remote bases safely with minimum ground supplied fuel in a cost 
effective manner.  
3.  System Inputs, Outputs and Functional Requirements 
A tool that can be used to examine the interplay between inputs and system 
elements is a use case diagram.  Figure 15 shows the inputs and outputs of a generalized 
system operating in a use case where power is transferred via wireless means from a 
commercial source through a space segment to a targeted ground receiver and ultimately 
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to the user’s electrical distribution grid.  Figure 15 also shows that there are two principal 
threads that cross system elements.  The first thread is power transmission that fulfills the 
primary mission of the system in receiving and transmitting electrical power from 
element to element.  The second thread concerns the transmission of targeting 
coordinates to the space segment.   
 
Figure 15.   System Inputs and Outputs 
With these threads identified it is now possible to establish particular 
requirements on the system that will drive the design.  The first is related to the principal 
output of the system, electrical power. This system shall have a power output objective of 
500 kW and a threshold of 250 kW.  Also, for simplicity of analysis purposes, the system 
shall be required to target a single location per spacecraft for power delivery at any given 
time.   
4.  Nonfunctional Requirements 
Often the functional requirements are paid more attention than the nonfunctional.  
This can result in poor system design.  Reliability, Availability, and Operability, among 
others, are often referred together as the “ilities” play a large role in designing a system 
for real world use (Larson, Kirkpatrick, Sellers, Thomas, & Verma, 2009).  Below is a 
list of the “ilities” and how they will be examined in the context of this system. 
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a. Reliability:  Examine the typical performance levels and component similarity 
with other systems.  
b. Availability: Evaluate the system uptime.   
c. Operability: The ease with which the system is operated. This will be looked at 
qualitatively as a function of effort required by the user and system operator to 
keep the system working.  
d. Transportability: Assess the ability of the system to be fielded.  The main 
component that will be examined for this requirement will be the size of the 
power downlink in both a mobile context as well as its final deployed 
configuration. 
e. Manufacturability:  Assess the difficulty required to produce the key system 
elements. 
f. Safety: Assess the exposure of personnel and equipment to hazard due to 
system functions. 
5.  Cost 
Cost is a key component in determining the feasibility of the system especially 
when the system is designed to reduce cost, as this one is intended to do.  The two major 
pieces of cost that will be analyzed are fixed cost and operating cost.  The metric 
associated with operating cost that is often examined in systems designed to deliver 
power is that of cost per kW/hour and will be used here to inform this analysis.  Those 
elements of cost will be combined and then plotted against the performance so that cost 
can be analyzed as an independent variable. 
C.  ANALYSIS PLAN 
The analysis of the system will be based on the requirements listed above.  A 
spreadsheet of those requirements will be created and populated with the requirements in 
a vertical column and the architectures being compared across the horizontal.  The 
requirements will be weighted based on judgment such that those of greater importance 
are of more influence on the analysis.  Requirements will be assessed against the 
architectures. A justification for those assessments, some quantitative and some 
qualitative, will be captured on a separate spreadsheet.  These assessments will then be 
populated into the original spreadsheet and totaled for comparison.  
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D.  ARCHITECTURE ATTRIBUTES 
 The question being asked by this research is whether the use of a space based 
wireless power relay is feasible.  To answer that question the key functional requirement 
of power delivered to target will be modeled.  This section will define the configuration 
of system elements along the power thread so that they can be placed in the model and 
analyzed.  
1.  Architecture A 
Architecture A will have the same three major system elements as described in 
the system inputs and outputs section above.  The first, the power uplink ground station 
will transmit high power EHF RF energy for the uplink.  The second system element will 
be the space segment that will be located in LEO.  It will have a rectenna to capture the 
uplink as well as a high power EHF transmitter for the downlink. At the downlink site 
there will be another rectenna to complete the power thread.  In order to complete the 
targeting thread the power uplink site will communicate with the relay satellite as it 




Figure 16.   Operational View of Architecture A. 
2.  Architecture B 
This architecture will use lasers instead of RF. The laser operating in the near 
infrared portion of the spectrum will uplink power to a spacecraft in MEO with a high 
irradiance photovoltaic receiving array.  The space segment power downlink will be 
accomplished via laser in similar spectrum.  The downlink site will use a photovoltaic 
array to complete the power thread.  In order to complete the targeting thread the power 
uplink site will communicate with the relay satellite as it comes over the horizon and task 













Figure 17.   Operational View of Architecture B. 
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IV. PRESENTATION AND ANALYSIS OF DATA 
A.  INTRODUCTION 
In this chapter, the data collected on the items that were quantitatively analyzed 
will be shown and described.  That data will be combined with knowledge obtained 
through literature review and placed into the analysis as described in the previous 
chapter.  The purpose here is to show the evidence for the conclusions drawn in the next 
chapter.   
B. ANALYSIS OF ARCHITECTURES 
1. End-to-End Power Thread Analysis  
This analysis was conducted in order to better understand the end-to-end realities 
concerning energy loss of the power thread of each architecture.  The inputs for this 
analysis were the orbital altitude, the power delivery requirement and a few assumptions.  
The assumptions are listed at the start of each set of analysis tables.  Analysis started with 
the delivered power and then moved backwards along the power thread from major 
element to major element.  As the process moved along, the fundamental characteristics 
of the system were defined.  At the end of each architecture’s analysis, the power input, 
the amount of power required by the system in order to deliver the required output was 
determined.  The primary other detail clarified was the physical sizing estimates for the 
receiving and transmitting apertures within various elements.  The final detail that came 
from this analysis was an estimated cost per kW/h of the power output.  Tables 6, 7 and 8 
show the analysis process and results for Architecture A and Tables 9, 10 and 11 show 





6. Assume the cost of input power is $0.15
Value Unit
Power Delivered to Target Power Output 500 kW A.)
Loss due to conversion efficiency Efficiency 72% B.)
C = A/B 694.44 kW C.)
Loss due to collection efficiency Efficiency 93% D.)
E = C/D 746.71 kW E.)
Step 1.1: Optimize the size of the rectenna receiver 
Conversion Density 1 Watt/cm^2 F.) 
1 m^2 10,000 cm^2 G.)
E.) in W 746714.46 Watts H.)
I = H/G 74.67 m^2 I.)
Note: The minimum area of the receiving rectenna is 74.67 m^2.
How much power is needed  
at input for the power 
thread to deliver the 
objective?
Step 1: Optimize the power downlink based on the maximum conversion power 
density (1 Watt/cm^2) of the receiving rectenna array.
Note: 746.71 kW is the amount of energy the ground site will need to receive in order 
to output 500 kW. 
1. The operating frequency for this system 
is 94 Ghz
2. The orbit is a Low Earth orbit at 500 km
3. The uplink and downlink path is directly 
perpendicularto the earth's surface
4. The receive to transmit efficiency of the 
spacecraft payload is 90%
5. The 30km thickness of the stratosphere 
will be used as the thickness of the 
atmosphere for loss calculations
 
Table 6.   Architecture A. Analysis Part 1 
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Receiver J = SQRT(I.*4/PI()) 9.75 m J.)
Low Earth Orbit 500 km K.)
Frequency 94 Ghz L.)
Speed of light 3.00E+08 m/s M.)
Wavelength N = C/L 0.0032 m N.)




Set to a Thurya analog 
diameter 12.25 m P.)
Receiver 
diameter 2.44 = P*R/(N*K) 317.8462875 m R.)
Amount of power in the 
main lobe of the beam 85% percent S.)
T = E/S 878.49 kW T.)
Atmospheric Loss @ 94 
Ghz 0.35 dB/Km U.)
Stratosphere 30 Km V.)
Total Loss U = S*T 10.5 dB W.)
X = 10^(W/10)*T 9856.79 kW X.)
Step 2: Using the optimized groud receiving rectenna array size determined in step 1 
find the size of the transmitting antenna.
Using Equation for main 
lobe diffraction
Step 3: Find the power required to be transmitted by the spacecraft in order to get 
746.71 kW to the ground
Note: The diameter of the transmitting antenna is shown to need to be 400 meters in 
diameter… which is a quite large for a spacecraft.  The ground receiving antenna 
however could be significantly larger. 
Step 2.1: Select a more reasonable size for spacecraft transmit antenna diameter. For 
reference the antennas onboard Thuraya are deployable 12.25 meter antennas. 
Note: This makes the ground receive diameter 317 meters. This is quite large (19.5 
acres), but at this point the limiting factor is the size of the spaceborne antenna, if it 
could be incresed by even 10 or 20 meters this would greatly decrease the receiver 
diameter. It should be noted however that given this size of a receiver the rectenna 
technology is no where near the theoretical maximum conversion density therefore 
the amount of power which could be received by the ground is on the order of 793 
MW (megawatts).
 
Table 7.   Architecture A. Analysis Part 2 
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Receive to Transmit 
efficiency 90% percent Y.)
Z = X/Y 10951.99 kW Z.)
Loss due to conversion efficiency Efficiency 72% percent AA.)
(AB) = (Z)/(AA) 15211.10022 kW AB.)
Loss due to collection efficiency Efficiency 93% percent AC.)
(AD) = (AB)/(AC) 16356.02174 kW AD.)
Conversion Density 1 Watt/cm^2 AE.)
1 m^2 10,000 cm^2 AF.)
746.71 kW 16356021.74 Watts AG.)
Area AH = AG/AF 1635.60 m^2 AH.)
Diameter AJ = SQRT(H*4/PI()) 45.63 m AJ.)
Amount of power in the 
main lobe of the beam 85% percent AK.)
AL = AD/AK 19242.38 kW AL.)
Atmospheric Loss @ 94 
Ghz 0.35 dB/Km AM.)
Stratosphere 30 Km AO.)
Total Loss AP = AM*AO 10.5 dB AP.)
AO = 10^(AP/10)*AL 215903.0381 kW AR.)
2.44 =AJ*AS/(N*K) 85.32 m AS.)
Input cost per kW/hour $0.15 dollars /kW/h AT.)
Input to output Ratio 431.8060761 dimensionless AU.)
Output cost rate per kw/ $64.77 dollars/kw/h
Step 6.  Find the cost per kW for electricity delivered via this system
Step 4.1: Optimize the size of the spacecraft rectenna based on the 
theoretical limit of conversion density
Step 5: Find the power needed to be transmitted such that the main 
lobe receives a high enough power density to provide the power 
required.
Step 5.1: Find the size required of the uplink transmitter aperature 
such that the main lobe is sized to fit the 
Step 4: Find the power needed to be received by the spacecraft at the rectenna
 
Table 8.   Architecture A. Analysis Part 3 
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Power Delivered to Target Power Output 500 kW A.)
Loss due to conversion efficiency Efficiency 23% B.)
C = A/B 2173.91 kW C.)
Conversion Density 211 Watt/cm^2 F.) 
C. in Watts 2173.91 2173913.04 Watts G.)
H = G/F 10302.90542 cm^2 H.)
1 m^2 10,000 cm^2 I.)
Area J = H/I 1.03 m^2 J.)
Target Radius K = SQRT(J/PI()) 0.57 m K.)
Note: The minimum area of the receiving VMJ array for the power requirement is 1.03 m^2.
5. Assume the cost of input power is $0.15
Step 1.1: Optimize the size of the Vertical Multi-Junction photovoltaic 
array. 
How much power is needed  
at input for the power 
thread to deliver the 
objective?
1. The operating wavelength for this system 
laser is 1.04 micro-meters in order to take 
advantage of an atmospheric window.
2. The orbit is Medium Earth Orbit
3. The uplink and downlink path is directly 
perpendicularto the earth's surface
4. The receive to transmit efficiency of the 
spacecraft payload is 90%
Step 1: Optimize the power downlink based on the maximum conversion power density 
 
Table 9.   Architecture B. Analysis Part 1 
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Radius of beam waist 1 m L.)
Wavelength 1.04 µm
0.00000104 m M.)
Distance to target 22000 km N.)
22,000,000 m
Target Radius O =L*SQRT(1+(M*N/(PI()*L^2))^2) 7.35 m O.)
Area = P = PI*O^2 169.7750355 m^2 P.)
Atmospheric 
Transmittance @ 1.04 µm 98% percent R.)
S = C/R 2218.28 kW S.)
Receive to Transmit 
efficiency 90% percent T.)
U = S/T 2464.75 kW U.)
Loss due to conversion efficiency Efficiency 23% percent V.)
W = U/V 10716.32182 kW W.)
Conversion Density 211 Watt/cm^2 X.)
W. in Watts 10716.32 10716321.82 Watts Y.)
Z = Y/X 50788.25505 cm^2 Z.)
1 m^2 10,000 cm^2 AA.)
Area AB = Z/AA 5.08 m^2 AB.)
Target Radius A = SQRT(AB/PI()) 1.27 m AC.)
Step 2: Use the equation for beam radius at the target and using potential laser beam 
waist values find what the target radius could be.
Note: The beam waist radius can be varied to reduce the size of the target radius. If the 
space borne laser radius could be made larger the receive array will approach that same 
radius.  Also if the distance to the array is made smaller the beam spread effect is 
decreased.
Step 3: Find the power required to be transmitted by the spacecraft in order to get 2173 
kW to the ground.
Step 4: Find the power needed to be received by the spacecraft at Vertical Multi-Junction 
array
Step 4.1: Optimize the size of the spacecraft Vertical Multi-Junction 
array based on the theoretical limit of conversion density.
 
Table 10.   Architecture B. Analysis Part 2 
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AD = W/R 10935.02 kW AD.)
Radius of beam waist 2.8 m AE.)
Wavelength 1.04 µm
0.00000104 m AF.)
Distance to target 22000 km AG.)
22,000,000 m
Target Radius AH =AD*SQRT(1+(AF*AG/(PI()*AE^2))^2) 3.82 m AH.)
Area = AI = PI*AH^2 45.88435208 m^2 AI.)
Input cost rate per 
kW/hour $0.15 dollars/kw/h AJ.)
Input to output Ratio 21.87004452 dimensionless AK.)
Output cost rate per kw/h $3.28 dollars/kw/h
Note: At the range given and the wavelength given a beam waist radius 
of 2.8 meters will minimize the target radius. 
Step 6.  Find the cost per kW for electricity delivered via this system
Step 5.1: Find the size required of the uplink laser beam waist such that 
the target beam width is minimized to reduce the need to have a large 
array on orbit. 
Step 5: Find the power needed to be transmitted such that the target 
receives a high enough power density to provide the power required.
 
Table 11.   Architecture B. Analysis Part 3 
2. Coverage and Access Analysis 
In order to model the system for availability in STK an example pair of sites were 
chosen, one for power transmission and one for power receipt.  Each power uplink site 
was modeled with a transmitter and the downlink site with a receiver.  Each spacecraft 
was given one of each a transmitter and a receiver.  This allows the STK model of a 
communications chain to represent the power thread.  The power receive location was set 
at the location of FOB Zeebrugge which is a remote expeditionary base occupied by U.S. 
Marines.  (Ferguson, 2011)   In the simulations FOB Zeebrugge is labeled as Afghan1.  
The power uplink was selected to be at Quetta, Pakistan.  It was selected because 
Pakistan is a cooperative nation with a functional electricity infrastructure in the region of 
FOB Zeebrugge.  The receiver and transmitter at each ground site were elevation limited 
to 15 degrees.  For each architecture the orbital properties of a spacecraft called PowerSat 
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were defined and the then the transmitter and receiver were placed in a one-way 
communication chain from Quetta through PowerSat to Afghan1 and an access report 
was taken for that single chain for the period of 30 days.  Figure 18 shows an example of 
an access chain 3D visualization of a LEO access and Figure 20 shows an example of two 
simultaneous access chains available to a single spacecraft for the MEO orbit.  
For architecture A PowerSat’s orbital altitude was set to 500 km with an 
inclination of 85 degrees.  Tables 12 and 13 show the complete chain access report for 
these orbital elements over 30 days.  Using the STK walker function the LEO PowerSat 
was used to build several constellation configurations with multiple planes and multiple 
spacecraft per plane attempting to achieve continuous coverage of the target sites.  The 
starting point was inspired by the Iridium constellation of 66 spacecraft in 6 planes. 
(Iridium, 2012)  In order to provide continuous coverage of both ground sites and meet a 
24-hour uptime requirement a constellation of 242 spacecraft in an 11 plane by 22 
spacecraft per plane configuration was required as shown in Figure19.  
 
Figure 18.   LEO Access between Quetta and Afghan1 
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Figure 19.   LEO Continuous Coverage Constellation 
 
Table 12.   LEO Complete Chain Access report 
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Table 13.   LEO Complete Chain Access report (continued) 
For architecture B PowerSat’s orbital altitude was set to 22,000 km with an 
inclination of 45 degrees.  Table 14 shows the complete chain access report for a single 
spacecraft with these orbital elements over 30 days.  Using the STK walker function the 
MEO PowerSat was used to build several constellation configurations with multiple 
planes and multiple spacecraft per plane attempting to achieve continuous coverage of the 
target sites. In order to provide continuous coverage of both ground sites a constellation 
of 9 spacecraft in a 3 plane by 3 spacecraft per plane configuration was required as shown 











Figure 20.   MEO access between Quetta and Afghan1 
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Table 14.   MEO Single Spacecraft Complete Chain Access Report  
3. Analysis Plan for Non-Functional Requirements  
Using the information gleaned from research, this section will establish some 
basic rationale for how each non-functional requirement of the system was judged.   
a. Reliability 
The ground segment portions of Architecture A are comprised of power 
transforming gear and high power RF transmitting and receiving equipment.  Much of 
this equipment exists, has few moving parts and is highly reliable.  The transmitting 
antenna and rectenna themselves are very durable technologies.  The space segment 
would require a pair of large deployable antennas that are also proven technologies. 
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The ground segment portions of Architecture B add the complexity of 
high power lasers in continuous operation and a photovoltaic array. Lasers operate in 
many existing applications to with high degrees of reliability although high power lasers 
do not usually operate in continuous modes. This raises some concern as to the reliability 
of the high powered laser.  Also photovoltaic technology is simple and tends to be 
reliable.  Similar performance might be expected of the space segment equipment.   
b. Availability 
In the STK model created for this analysis the constellations were sized 
such that the systems will both have continuous potential availability barring any 
interference.  Both architectures would also have some impact from weather however 
architecture B would be more susceptible to cloud coverage that could significantly 
degrade the beam quality.   
c. Operability 
A major factor affecting the operability of architecture A relates to the 
huge number of spacecraft the operator would have to manage.  This could be mitigated 
with software, but there will still be a need for large amounts of human intervention for 
the inevitable anomalies and orbital maneuvers in the crowded space that is LEO.  Part of 
that management would include the analysis intensive work to prevent other spacecraft 
from being illuminated by the power beams.  Another factor to consider for architecture 
A is the sheer size of the rectenna at 400 m in diameter would complicate the users 
operation of the system and site selection of the system.  Architecture B has the 
advantage of a relatively small constellation of nine spacecraft.  This small number of 
spacecraft will not be an undue burden on the operators and the physical size of the 
downlink receiver is only a mere 14.6 meters in diameter so would be much easier for the 
user to find a place for and operate.  
d. Transportability 
The key to assessing the transportability for architecture A is the physical 
size of the rectenna.  In order to pick up and move this huge antenna significant amounts 
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of effort in disassembly and packing would likely be required as well as assembly at a 
new site.  As for architecture B the receiving array might even be vehicle deployable, 
however the array itself may be fragile depending on its construction.  
e. Safety 
Both architectures would require significant safety systems and reasonable 
population standoff distances for the receiving locations.  Architecture B also could be a 
hazard to flight aided by the use of night vision goggles.  A beam of several hundred kW 
of infrared radiation could blind night vision systems.  
4. The Analysis Plan outputs 
The analysis plan described earlier is populated in Table 15 with values based on 
the rationale above and then weighted as to their relative importance and combined to 
achieve a value for performance. 
 
Table 15.   Performance Assessment Analysis  
5. Cost Analysis 
Table 16 shows the calculations to come up with life cycle cost of the system.  
The ground segment costs were assumed to be both the same in number and near the 
same cost so were not considered here.  The spacecraft cost was set to $350 million for 
the architecture A spacecraft.  Since long distance wireless power transfer has been 
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demonstrated on a large scale using RF and not by using lasers the cost of the architecture 
B spacecraft was assumed to be 20% higher.  Those prices and the values for the number 
of spacecraft arrived at in previous analysis were combined to find a subtotal for the fixed 
spacecraft cost.  The price for output power calculated in the earlier analysis and a 
lifespan of 10 years was used to calculate the cost of power delivered by the system. 
Calculating Cost
Architecture A Architecture B
Number of Spacecraft 242 9
Spacecraft Price (Millions of dollars) $350,000,000 $420,000,000
Fixed cost of spacecraft cost = price * units $84,700,000,000 $3,780,000,000
Price of delivered power ($/kW/h) $64.77 $3.28
Power delivered by system (kW) 500 500
10 years of continuous operation to a 
single site (h) 87600 87600
Lifetime Power cost cost = price*hours*kW $2,836,926,000.00 $143,664,000.00
Total System Cost $87,536,926,000.00 $3,923,664,000.00
 
Table 16.   Total Cost 
Now that cost has been established it can be analyzed as an independent variable 
against performance.  Table 17 shows the cost and performance determined above with 
the performance normalized by dividing by the maximum number of points possible in 
the analysis plan.  This data is then plotted in Figure 21.   
 
 
















Figure 21.   Cost vs. Performance. 
 55 
V. CONCLUSIONS AND RECOMMENDATIONS 
A. GENERAL SUMMARY OF WORK 
The question this research sought to answer is whether or not it is feasible for a 
space-based system using wireless power transfer technology to relay power to a remote 
base from a location with a commercial grid.  A review was conducted of the literature 
concerning wireless power transfer.  Much of the literature that is on the topic of space 
systems using wireless power transfer is from research conducted on the development 
systems to collect solar power and transmit it to Earth.  The two wireless power transfer 
methods examined in this research both use electro-magnetic radiation.  One method 
operates in the part of the spectrum known as radio using high power transmitters and the 
other operates in the near infrared using lasers.  These two methods were integrated into 
architectures and modeled and analyzed to determine which one was the more feasible.   
B. CONCLUSIONS 
The answer to the question is that such a system is feasible.  The cost that U.S. 
forces pay to provide logistics to remote locations is more than just in terms of dollars 
and gallons of fuel.  That cost also comes in terms of the lives of the men and women 
both military and civilian that are rolling targets in hostile land.  Any decision on fielding 
a wireless power relay system would have to weigh those costs as well. 
The analysis focused on pitting one architecture and its underlying wireless power 
technology against another.  Looking at the analysis it is clear that the system known as 
architecture B using lasers to transfer power is slightly less capable in meeting the non-
functional requirements but is the more feasible system on a total system cost basis.  This 
would be true even if the cost to develop the technology was to increase the cost by an 
order of magnitude.  Architecture A using RF wireless power transfer loses far more 
power from end to end than does the laser method and also needs to be in a much lower 
orbit in order to operate at all which causes the system to require vastly more spacecraft 
to achieve global coverage.  The laser-based relay is not without challenges however.  
Some of those challenges include technology development as well as weather effects and 
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safety concerns.  Despite these challenges it is clear that if a space based wireless power 
transfer system is pursued that the right course of action would be to develop a system 
based on the laser to photovoltaic relay postulated in architecture B of this research. 
The cost as an independent variable analysis does demonstrate the clear 
advantages of the laser-based architecture over the RF based architecture.  What further 
analysis could accomplish would be to adjust the system capabilities especially to the RF 
based architecture to see if cost could be brought down.  Alternately the requirements 
could be re-examined 
An area of research that was not discussed at length in analysis is the global 
electrical generation availability.  The detail to be gained from that piece of research is 
simply that anywhere on the Earth that would require the systems suggested here is not 
very far from a country with a decent power grid, especially in and around urban centers.  
There are countries that are literally islands and large distances isolate some, but if the 
architecture is constructed using a MEO constellation the footprint of the spacecraft 
would be sufficiently large to encompass some location with electrical infrastructure.   
C. AREAS FOR FUTURE WORK  
The goal of reducing the cost of logistics to remote bases may be better served by 
using airborne power relays.  One of the main issues with using a space-based system is 
that of beam spread at orbital distances.  Research into stable high altitude long dwell 
time aircraft could make regional wireless power transfer a reality.  The power output 
levels of existing laser systems would need to be increased to make systems capable of 
transmitting the levels of power described in this research. 
 57 
LIST OF REFERENCES 
About.com. (2012, August 1). United States Army Chain of Command. Retrieved August 
1, 2012, from About.com: 
http://usmilitary.about.com/od/army/l/blchancommand.htm 
Blanchfield, M. K. (2005). Transportation Challenges in Afghanistan. Army Logistician , 
37. 
Brown, W. C. (1984). Fellow, IEEE. IEEE Transactions on Microwave Theory and 
Techniques , MTT-32 (9), 1230–1242. 
Capderou, M. (2005). Satellites Orbits and Missions. (S. Lyle, Trans.) Paris: Springer-
Verlag. 
Ekstrand, A. G. (1920, June 1). Nobel Prizes. Retrieved July 3, 2012, from 
Nobelprize.org: 
http://www.nobelprize.org/nobel_prizes/physics/laureates/1918/press.html 
Ferguson, J. H. (2011). Every Marine a Rifleman - Battery I, 3/12, in Kajaki District. 
Retrieved August 20, 2012, from Marine Corps Gazette: https://www.mca-
marines.org/gazette/every-marine-rifleman 
Goradia, C., & Sater, B. L. (1977). A First Order Theory of the P+-n-n+ Edge-
Illuminated Silicon Solar Cell at Very High Injection Levels. IEEE Transactions 
on Electron Devices , ED-24 (NO.4), 342–351. 
Gordon, G. D., & Morgan, W. L. (1993). Principles of Communications Satellites. New 
York: John Wiley & Sons. 
International Energy Agency. (2010, December 04). Access to Electricity. Retrieved July 
12, 2012, from International Energy Agency World Energy Outlook: 
http://web.archive.org/web/20101204184458/http://www.iea.org/weo/electricity.a
sp 




Jackson, J. (2012, March 22). Marines escort Afghan drivers, get fuel to the fight. 
Retrieved May 13, 2012, from Marines: 
http://www.marines.mil/unit/1stmlg/1stmlg-
fwd/Pages/MarinesescortAfghandriversgetfueltothefight.aspx#.T7CVno4a-4Q 
Larson, W. J., & Wertz, J. R. (2005). Space Mission Analysis and Design. El Segundo , 
CA: Microcosm Press. 
Larson, W. J., Kirkpatrick, D., Sellers, J. J., Thomas, L. D., & Verma, D. (2009). Applied 
Space Systems Engineering. Boston: McGraw Hill Learning Solutions. 
 58 
Laserfest.org. (2012, July 3). Laser FAQ. (Amarican Physical Society) Retrieved July 3, 
2012, from Laser Fest: http://www.laserfest.org/lasers/faq.cfm 
McDougal, J. (2012). Moving Liquid Gold. Army Sustainment , 44 (3). 
Mogelson, L. (2012, February 1). The Hard Way Out of Afghanistan. Retrieved June 29, 
2012, from New York Times: 
http://www.nytimes.com/2012/02/05/magazine/afghanistan.html?pagewanted=all 
Mojarradi, M. M., Chattopadhyay, G., Manohara, H., Vo, T. A., Mojaradi, H., Bae, S., et 
al. (2008). Scalable Millimeter Wave Wireless Power Receiver Technology for 
Space Applications. AIAA SPACE 2008 Converence & Exposition. AIAA Paper 
7813, pp. 1-5. American Institute of Aeronautics and Astronautics. 
Montenbruck, O., & Gill, E. (2000). Satellite Orbits: Models Methods Applications. 
Berlin: Springer-Verlag. 
Nayfeh, T., Fast, B., Raible, D., Dinca, D., Tollis, N., & Jalics, A. (2011). High Intensity 
Laser Power Beaming Architecture for Space and Terrestrial Missions. National 
Aeronautics and Space Administration, Scientific and Technical Information. 
Cleveland: Glenn Research Center. 
Potter, S., Bayer, M., Davis, D., Born, A., McCormick, D., Louanna, D., et al. (2009). 
Space Solar Power Satellite Alternatives and Architectures. 47th AIAA Aerospace 
Sciences Meeting Including The New Horizons Forum and Aerospace Exposition 
(pp. 1-9). Orlando, FL: AIAA. 
Rohde, R. A. (2007, June 13). File:Atmospheric Transmission.png. Retrieved July 29, 
2012, from Wikimedia Commons: 
http://commons.wikimedia.org/wiki/File:Atmospheric_Transmission.png 
Sater, B. L., & Sater, N. D. (2002). High Voltage Silicon VMJ Solar Cells for up to 1000 
Suns Intensities. Photovoltaic Specialists Conference (pp. 1019-1022). New 
Orleans: IEEE. 
The Free Dictionary. (2012, May 28). Stomach-Idioms. Retrieved May 28, 2012, from 
The Free Dictionary: http://idioms.thefreedictionary.com/stomach 
Thomson, M. W. (2002). Astromesh Deployable Reflectors for KU- and KA-Band 
Commercial Satellites. 20th AIAA International Communications Satellite 
Systems Conference and Exhibit (p. 2032). Montreal: AIAA. 
Tiron, R. (2009, October 15). $400 per gallon gas to drive debate over cost of war in 
Afghanistan. Retrieved May 13, 2012, from The Hil: 
http://thehill.com/homenews/administration/63407-400gallon-gas-another-cost-
of-war-in-afghanistan- 
United States Air Force. (2008, September 15). Air Force Handbook 10-222 Voume 5 
Guide to Contingency Electrical Power System Installation. Retrieved May 19, 
2012, from Air Force Publishing: www.e-publishing.af.mil 
 59 
United States Central Command. (2009, April 15). Construction and Base Camp 
Development in the USCENTCOM Area of Responsibility. The Sand Book . 
MacDill Air Force Base, FL, USA: United States Central Command. 
Weichel, H. (1990). Laser Beam Propagation in the Atmosphere. Bellingham, 
Washington, USA: SPIE Optical Engineering Press. 
Wolfram Alpha. (2012, August 04). Africa Power Generation. Retrieved August 04, 
2012, from Wolfram Alpha: 
http://www.wolframalpha.com/input/?i=africa+power+generation 
Wolfram Alpha. (2012, August 04). Asia Power Generation Per Capita. Retrieved 
August 04, 2012, from Wolfram Alpha: 
http://www.wolframalpha.com/input/?i=asia+power+generation 
Wolfram Alpha. (2012, August 04). North America Power Generation. Retrieved August 
04, 2012, from Wolfram Alpha: 
http://www.wolframalpha.com/input/?i=+north+america+power+generation%2Fp
opulation 
Wolfram Alpha. (2012, August 04). South America Power Generation. Retrieved August 
04, 2012, from Wolfram Alpha: 
http://www.wolframalpha.com/input/?i=south+america+power+generation 
Wolfram Alpha. (2012, August 04). Southeast Asia Power Generation. Retrieved August 
04, 2012, from Wolfram Alpha: 
http://www.wolframalpha.com/input/?i=southeast+asia+power+generation 
 60 
THIS PAGE INTENTIONALLY LEFT BLANK 
 61 
INITIAL DISTRIBUTION LIST 
1. Defense Technical Information Center 
Ft. Belvoir, Virginia 
 
2. Dudley Knox Library 
Naval Postgraduate School 
Monterey, California 
 
 
